Figure 1. 22
Supplementary Table 1 summarizes the reactions treated in KM-SUB-ELF. These reactions 23
include O 3 and OH reacting with antioxidants and with a surfactant lipid, 1-palmitoyl-2-oleoyl-sn-24 glycerol (POG) and a surfactant protein (SP-B 1-25 ). POG is representative of the major unsaturated 25 anionic lipids in lung surfactants and contains one double bond that can react with ozone, whereas SP-26 B 1-25 is a protein containing 25 amino acids and is representative of proteins found in lung surfactants. 27 KM-SUB-ELF includes reactions involving three types of quinones, which were found to be the most 28 important in ROS production 3 : phenanthrenequinone (PQN), 1,4-naphthoquinone (1,4-NQN) and 1,2-29 naphthoquinone (1,2-NQN). KM-SUB-ELF also includes Fenton chemistry of iron ions, Fenton-like 30 chemistry involving copper ions, and HO x chemistry, leading to both H 2 O 2 production and destruction. 31
For the majority of reactions rate coefficients are known and have been published in the literature. For 32 unknown and controversial reaction rate coefficients, the experimental data of formation of H 2 O 2 3 and 33 OH 4 in the presence of quinones, iron and copper ions was fitted by KM-SUB-ELF using the Monte 34
Carlo genetic algorithm as detailed below. 35
Iron and copper were the two transition metal ions included within KM-SUB-ELF. It has been 36 demonstrated experimentally that other transition metals including Mn, Co, V, Ni, Zn, Cd, Cr do not 37 produce H 2 O 2 within surrogate lung fluid 3 . Measurements have also shown that there is no production 38 of OH radicals in surrogate lung fluid from any of these metals with the exception of Cu and Fe 4 . Rate 39 constants of Fenton-like reactions do exist for manganese, however, these suggest that the formation 40 of O 2 -(which is the first step of the mechanism) is significantly faster for Fe 2+ (and hence Cu 2+ ) than 41
for Mn 2+ 5 . Reactions which interconvert ROS are also significantly faster for Cu and Fe than for Mn 6 . 42
Finally, there is also evidence that total concentrations and water-soluble concentrations of iron and 43 copper within PM2.5 tend to be higher than the concentrations of other water-soluble metal ions such 44 as Mn, Ni, Br, Sr, Pb, As, Ti, Se [7] [8] [9] [10] [11] . 45
Note that this study intended to determine a baseline for the primary chemical production of 46 exogenous ROS. From this baseline, air pollutants can cause secondary production or destruction of 47 endogenous ROS via biological interactions and responses of the human immune system, including 48 the activation of macrophages, mitochondria and enzymes like NADPH-oxidase and glutathione 49 peroxidase or infections and microbial growth induced by biological and nutrient-rich particles 12, 13 . 50 Activity of enzymes is highly dependent upon exposure to oxidants (e.g. ozone) as well as the pH of 51 the ELF and is significantly reduced in smokers and people suffering from lung diseases such as 52 chronic obstructive pulmonary diseases [14] [15] [16] . 53
Supplementary Table 2 summarizes the kinetic parameters including the surface 54 accommodation coefficient, desorption lifetime, Henry's law coefficient, bulk diffusion coefficient, 55 effective molecular cross-section of the gas phase species, mean thermal velocity of the gas phase 56 species and the gas phase diffusion coefficients of O 3 and OH. The concentrations of antioxidants 57 within three different regions of the respiratory tract (the alveoli, the bronchi and the nasal cavity) are 58 known and are summarized within Supplementary Table 3 17 . Albumin-SH has been suggested as an 59 antioxidant but has not been included in the model 18 , because it has been demonstrated that it would be 60 of minimal importance compared to GSH 18, 19 and there is no evidence of oxidative modification of 61 albumin by ozone in the presence of other antioxidants 20 . The average thickness of the ELF and the 62 diameter of the respiratory tract are also listed. The concentration of the surface lipid was set to 2.2 × 63 10 21 cm -3 representing a monolayer of the lipid with a thickness of 7.8 × 10 -8 cm equivalent to the 64 effective diameter of the lipid. These values were based on a 60 Å/ lipid surface density 21 . Finally, the 65 surface concentration of reactive sites in surfactant protein was set to 8.8 × 10 20 cm -3 considering that 66 one surfactant protein molecule contains four reaction sites (the amino acids 2 × cysteine, tryptophan, 67 methionine) 22 . 68
The chemistry of iron and copper with hydrogen peroxide has been extensively studied and 69 can be summarized by the Fenton and ROS reactions shown by Reactions 22 -48 in Supplementary 70 Table 1 . However, there are large uncertainties in many of these rate coefficients and also in the 71 mechanism. For example, it has been suggested that the reaction of Fe(II) with hydrogen peroxide 72 could lead to the formation of Fe(III) (R26) and/or Fe(IV) (R30) and measurements have suggested 73 that Fe(IV) formation may be more than 1000 times faster at the air-liquid interface than in the bulk 23 . 74
To account for these large uncertainties, the available experimental data sets were reproduced by KM-75 SUB-ELF. Charrier et al. 3 
(R51). 86
To find a common kinetic parameter set describing all available experimental data, the 87 optimization of these rate coefficients was performed by global optimization, which is a genetic 88 algorithm (GA, Matlab Global Optimization Toolbox, Mathworks® software), seeded with results 89 from a uniformly-sampled Monte-Carlo (MC) search for faster convergence (MCGA method) 28, 29 . In 90 the MC search, kinetic parameters were varied randomly within their individual bounds. Each data set 91 is fed into the model and the correlation between model output and experimental results is evaluated in 92 a least-squares fashion. In the GA step, a so-called population of parameter sets is optimized by 93 processes resembling recombination and mutation in evolutionary biology. To ensure diversity within 94 the pool of parameter sets and to counteract the sampling bias from shallow local minima, an equal 95 amount of random parameter sets was added to the starting population. The data sets and the fitting 96 obtained with KM-SUB-ELF are shown in Supplementary Fig. 1 . Supplementary Figure 11 shows 97 fitted parameters with uncertainty in the box-whisker diagrams based on multiple optimization. 98
The rate-limiting step for hydrogen peroxide production is found to be the reaction with 99 molecular oxygen with transition metal ions (R24 and 41). For the hydrogen peroxide production by 100 quinones, the radical chain is initiated by oxidation of the antioxidant ascorbate (R13, 16 and 19). 101
Ascorbate also reacts with the oxidized forms of both transition metals (R 22, 23 and 40) and a large 102 portion of hydrogen peroxide production by copper can be attributed to this reaction channel. All 103 reactions involving superoxide and quinone radicals (R17 and 18) were found to be fast, and rate 104 coefficients approach the diffusion limit of ~1×10 -11 cm 3 s -1 29 ( Supplementary Fig. 11 ). 105
The main driving force of the production of OH radicals is the direct reactions of hydrogen 106 peroxide with the reduced forms of the trace metals Cu(I) and Fe(II) (R43 and 26). As discussed 107 above, direct oxidation of Fe(II) to Fe(IV) without production of hydroxyl radicals (R30) is fast in the 108 simulations with a rate of 9.5 ×10 -18 cm 3 s -1 , which is in line with Enami et al. 23 . Regeneration of the 109 reduced forms of trace metals in the model is mainly accomplished by direct reaction with ascorbate 110 (R22, 23 and 40). Continuous production and destruction of hydrogen peroxide led to a steady-state 111 equilibrium and hence constant production of OH radicals until all of the ascorbate was depleted. It 112 can be seen from the experimental data 4 that the cumulative OH production after 1 day became 113 independent of trace metal concentrations above a certain trace metal concentration (~ 3 -4 µmol L -1 ) 114 (Supplementary Fig. 2) . 115
116

S2. ROS concentrations and OH, H 2 O 2 and ROS production rates 117
To convert ambient concentrations (ng m -3 ) of transition metal ions, quinones and SOA into 118 ELF concentrations, the following equation was used: 119
where MW is the molecular weight of the species, the breathing rate was assumed to be 1.5 m 3 h -1 30,31 , 120 the PM deposition rate was assumed to be 45% 32 and the total ELF volume was set to 20 ml 33, 34 . The 121 fractional solubilities of iron and copper were assumed to be 0.1 and 0.4, respectively [35] [36] [37] . Total water-122 soluble fractions of iron and copper can range from ~5 -25 % and ~20 -60 %, respectively, in a wide 123 range of different environments including urban, rural and remote locations 7,35-43 , which are 124 represented in Figure 2C by the error bars on each point. Here we assume that species in the 125 particulate matter that undergo reactions are immediately available in solution upon deposition. The 126 temporal evolution of the solvation of different species might also have an influence and should be 127 investigated in future work. 128
Inhaled particles can be deposited in the respiratory tract and accumulate over several hours 129 before being removed by the immune system and metabolic activity 45, 46 and we therefore set the 130 accumulation time to 2 hours in this study. It should also be noted that there is a background 131 concentration of iron within the ELF of a healthy person, but these iron ions are treated as unreactive 132 as they are associated with ferritin and therefore unavailable for Fenton reactions 45, 47 . For conversion 133 of typical ambient concentrations into PM2.5 concentrations, it was estimated that 0.13 -6% of iron, 134 0.008 -0.3% of copper, 0.001 -0.015% of quinones and 12 -60 % of SOA by weight were present 135 within PM2.5 ( Fig. 2A & Supplementary Fig. 5 by SOA was reported to be 0.15% -1.5% with the highest for β-pinene SOA followed by α-pinene, 145 isoprene, and limonene, whereas naphthalene SOA were found to form negligible OH. We hence 146 assume a 1% molar yield of OH production rate for SOA. It should be noted that these experiments 147 were performed with fresh SOA but some measurements have shown that organic peroxides within 148 SOA would decay on the timescale of about 6 -20 hours 49 50, 55, 58 . Whilst the decomposition of organic hydroperoxides is included within the 154 model, the formation of organic radicals was not included and would be in addition to calculated 155 production rates and concentrations. ROS production rates for iron, copper and quinones were 156 assumed to be equal to O 2 -production rates, as O 2 -is a precursor of all of the other ROS species. 157 ROS concentrations, shown in Figure 2C , were non-additive due to the coupling of Fe and Cu 158
and their ability to destroy and produce ROS. For example, at a PM2.5 concentration of 400 µg m -3 the 159 calculated ROS concentration with iron, copper, SOA and quinones separately and adding these 160 together was up to 3.5 times as high as running the model with all of these PM2.5 components. Due to 161 ROS concentrations being non-additive, an increase of PM2.5 leads to a non-linear increase in ROS 162 concentration due to ROS destruction by Fenton-like reactions for high PM2.5 concentrations in 163 Figure 2C . Nevertheless, ROS concentrations are expected also to be above a critical level in a heavily 164 polluted biomass burning plume in Indonesia. Production rates of ROS, OH and H 2 O 2 , shown in 165 Figure 2A and Supplementary Figure 5, Table S3 . By using the antioxidant concentrations reported by Rahman et al. 44 , an 184 average increase of ~20% would be predicted for the ROS concentrations shown in Fig. 2C due to  185 faster reactions between antioxidants and redox-active components. 186
In Figure 2D , the effect of removing 50 % of the water soluble fractions of individual or 187 multiple redox-active components upon ROS concentrations within the ELF was investigated. At high 188 Figure S6 illustrates the temporal evolution of antioxidants, surfactants, and two oxidants of 213 ozone and OH radicals, when ELF in the nasal cavity and the bronchi are exposed to 100 ppb O 3 and 214
5×10
6 cm -3 OH. The oxidant concentration was kept constant over time, assuming negligible loss of 215 oxidants within the nasal cavity and bronchi over the time period of a single breath of a few seconds. 216 should be noted that changing the antioxidant concentrations to those reported by Rahman et al. 44 (as 222 discussed above) had little impact upon the results shown in Fig.S6C Using the derived uptake coefficients (γ O3 = 2 × 10 -5 and γ OH = 0.96 in all regions of the 234 respiratory tract) and the surface area of the nasal cavity, bronchi and alveoli (Supplementary Table  235 3), the number of molecules of O 3 and OH removed in the different regions of the respiratory tract can 236 be estimated. At 100 ppb O 3 and 5×10 6 cm -3 OH and assuming that 1 breath of air consists of 2 L, after 237 1 second O 3 concentrations would decrease by ~0.6% and ~20% in the nasal cavity and bronchi, 238 respectively, whereas OH would decrease by 2% and more than 100% in the nasal cavity and bronchi, 239 respectively. Thus, substantial amounts of O 3 and OH would pass through the nasal cavity and the 240 majority of the loss would occur in the bronchi and alveoli region. This is consistent with estimated 241 chemical half-lives (t 1/2 , the time at which the concentration reached half of the initial concentration) 242 of gas-phase O 3 and OH being on the order of ~10 s in the nasal cavity, ~1 s in bronchi, and ~10 ms in 243 alveoli. Note that turbulent flow within the nasal cavity can occur within a person who is exercising 244 and in this case most of OH radicals would be expected to be lost within the nasal cavity. For ambient 245 OH radicals, t 1/2 is the longest in the nasal cavity, reflecting that OH loss is mainly limited by gas-246 phase diffusion. 247
248
S4. pH effects on the products 249
The mean ELF pH of a healthy person has been measured to be ~ 7.4. However, people with 250 diseases such as asthma or acid reflux can experience a decrease in ELF pH down to ~4. The ELF can 251 also be acidified in children or by the inhalation of acidic particles 68, 69 . Therefore, it is important to 252 quantify the reactions occurring and the products formed within the ELF at different ELF pH. for ozone reacting with α-tocopherol was k(pH9.3)/ k(pH0) = 380 72 . At lower pH, the ratio of products 258 changes with a greater ratio of harmful ozonide, peroxide and epoxide products formed from 259
Reactions 1, 2 and 4. Ozonides are strong oxidizers which can cause significant oxidative damage in 260 vivo 74 . In the presence of iron (II), ozonides may also form cytotoxic carbon-centred radicals 75 . Uric 261 acid epoxide (UA-O) could be enzymatically converted to inflammatory 1,2-diols in vivo 76 . 262
The pH dependence of the rate coefficients was incorporated into KM-SUB-ELF by assuming 263 that the pH dependence was fully due to the non-protonated antioxidant reacting at a faster rate than 264 the protonated antioxidant. The pKa of the four different antioxidants is known (pKa(Asc) = 4.1, 265 pKa(UA)= 5.4, pKa(GSH) = 8.8 and pKa(α-toc) = 13) and the ratio of the protonated to deprotonated 266 antioxidant could be calculated. Therefore, simultaneous equations can be solved considering the 267 concentration of antioxidant in both the protonated and unprotonated form at two different pHs as well 268 as the change in the rate of reaction between these pHs. The resulting equations are shown below: 269
The following equations were incorporated into the model to describe the ascorbate products 270 (DHA, AOZ, THR) ratios 70 , and the uric acid epoxide, peroxide and ozonide products (UA-O, UA-271
71 as a function of pH ( Supplementary Fig. 9 ). 272 It should also be noted that Enami et al. 72 previously showed that the presence of α-tocopherol 280 can lead to a decrease in the concentrations of secondary oxidants, such as AOZ and THR. However, 281 the rate coefficients for these reactions remain uncertain and we have therefore not included them 282 within the model. There is also the potential that some of the other secondary oxidants would further 283 react with other antioxidants, although this remains unclear and should be the subject of further 284 investigation. Enami et al. 77 have also previously reported that at low pH the products of the GSH + 285 OH reaction would be sulfenic GSOH − , sulfinic GSO 2 − , and sulfonic GSO 3 − acids rather than GSSG. 286 GSSG is relatively inert and acts a signaling molecule but GSH-sulfenic acid is highly reactive toward 287 oxidants such as ozone 77 . This may have implications for people with an acidic ELF, such as people 288 suffering from asthma. 289
Lipid ozonation products are a mixture of aldehydes and hydroxyhydroperoxides, which are 290 much more soluble than the initial lipids that may diffuse through the ELF to the lung epithelium 22 . 291
These oxidation products may react with lipases in the lung epithelium releasing endogenous 292 mediators of inflammation 22, 78 . Bulk concentrations of lipid ozonation products are estimated to be up 293 to ~1.5 × 10 19 cm -3 (24 mmol L -1 ) within the alveoli ELF and up to ~7.5 × 10 16 cm -3 (0.1 mmol L -1 ) 294 within the nasal cavity ELF after one hour exposure of 100 ppb O 3 . Note that there are currently no 295 studies of O 3 reactions with surface lipids and proteins over a range of pHs and therefore a change in 296 rate constant and products is currently unknown, which could be important as ozone lipid oxidation 297 products have been shown to be harmful 22, 78 . 298
Regarding pH effects on ROS generation by PM2.5, it is known that pH would affect the 299 solubilities of Cu and Fe and also the rate constants of the Fenton and Fenton-like reactions. For 300 example, the rate of reaction R26 will increase by about one order of magnitude between pH 6 and pH 301 7
79 . However, we do not attempt to investigate the effect of pH upon ROS concentrations by PM2.5 302 inhalation in this study due to a lack of experimental data for H 2 O 2 and OH generation in lung fluid as 303 a function of pH; this aspect should be subject to future experimental and modeling studies. 
